We study the leptoquark model of Buchmüller, Rückl and Wyler, focusing on a particular type of scalar (R 2 ) and vector (U 1 ) leptoquark. The primary aim is to perform the calculations for leptoquark production and decay at next-to-leading order (NLO) to establish the importance of the NLO contributions and, in particular, to determine how effective the narrow-width-approximation (NWA) is at NLO. For both the scalar and vector leptoquarks it is found that the NLO contributions are large, with the larger corrections occurring for the case vector leptoquarks. For the scalar leptoquark it is found that the NWA provides a good approximation for determining the resonant peak, however the NWA is not as effective for the vector leptoquark. For both the scalar and vector leptoquarks there are large contributions away from the resonant peak, which are missing from the NWA results, and these make a significant difference to the total cross-section.
Introduction
For the purpose of this paper will use the leptoquark model of Buchmüller, R. Rückl and D. Wyler [1] -a model which conserves lepton and baryon number thereby avoiding the problem of proton decay. This feature of the model allows us to consider a leptoquark mass which is accessible to the LHC.
A leptoquark production process can produce either a single leptoquark or a pair of leptoquarks, and in the study by Belyaev et. al. [2] it has been shown that pair production dominates for low leptoquark masses (m LQ ∼ 100 GeV), but as the mass is increased single leptoquark production becomes the more dominant contribution. For this reason we are focusing on single leptoquark production and the primary objective of this paper is to study single leptoquark production and decay at next-to-leading (NLO), in particular to determine the effectiveness of the narrow-width approximation (NWA) at NLO. 1 In the case of scalar leptoquarks (within the NWA) it was found that electroweak corrections are negligible compared to the QCD corrections and therefore for the purpose of this study only QCD corrections will be considered for the NLO calculations.
The key assumptions of the NWA are that the leptoquark process can be factorised into a production and decay process (where the decay-width is much smaller than the leptoquark mass) and that the interference between the different helicity states for the production and decay processes is negligible. With these assumptions 2 the leptoquark production and decay can be calculated as separate processes involving an on-shell leptoquark.
In addition to these assumptions, the studies by Kauer et. al. [4] [5] [6] identify other factors which need to be considered when using the NWA. These include the effect of non-factorisable contributions and the break-down of the NWA when the decay involves a decay product with a mass that approaches that of the parent particle. The effect of non-factorisable contributions will be relevant to this paper, however the second consideration does not affect leptoquark production in the NWA since the leptoquark decay products are assumed to be massless in the high energy limit.
The NLO calculations are performed numerically using FORTRAN with the virtual corrections calculated using SAMURAI [7] and the cancellation of the infrared divergences implemented using the dipole subtraction method [8, 9] . In calculating the virtual corrections it was found that some of the loop contributions introduced numerical instabilities requiring the calculations to be performed using quadruple precision within FORTRAN.
In this paper we will start by considering the R 2 scalar leptoquark [1] , which has fermion number |F | = 0 and is an isospin doublet with electric charges +5/3 and +2/3. The leptoquark production and decay process will first be considered within the NWA and the results compared against the full non-factorisable process to determine the effectiveness of the NWA. This procedure will then be repeated with the U 1 vector leptoquark [1] . The U 1 leptoquark also has fermion number |F | = 0 and is an isospin singlet with electric charge +2/3. Having considered both scalar and vector leptoquarks the paper will conclude with a discussion and comparison between the scalar and vector leptoquark results.
In addition to studying the effectiveness of the NWA at NLO this paper will also look at the sensitivity of the NLO results to the renormalisation and factorisation scales.
In performing these calculations the center-of-mass energy has been set to √ s = 14 TeV. The leptoquark mass has been chosen to be m LQ = 750 GeV and the couplings have been set to h 1L = h 1R
.07 (i.e. taken from α s evaluated at m LQ ).
In section 2 we consider the case of scalar leptoquarks and vector leptoquarks in section 3. In section 4 we present our conclusions.
Scalar Leptoquarks
For the study of scalar leptoquarks we will consider the R 2 type leptoquark as described in [1] . The core process being studied is
and the LO Feynman diagrams contributing to this process are shown in figure 1. The LO contributions to the core process for leptoquark production. The first two diagrams can be factorised into leptoquark production and decay amplitudes whereas the third diagram is non-factorisable.
When studying leptoquark production at NLO there are three main contributions to the final result. Firstly there are the LO order contributions which come from the diagrams shown figure 1, then there are the NLO virtual and real QCD corrections to this processwith example diagrams shown in figures 2 and 3. Finally at NLO there are additional initial state contributions to the leptoquark production process such as the quark-quark initial state shown in figure 4 . There are similar contributions from quark-antiquark, antiquarkantiquark, and gluon-gluon scattering. At the order of perturbation theory of the NLO corrections to the core process (2.1) these are given by tree-level amplitudes with an additional final-state parton. Some of the additional NLO calculations suffer from initial state singularities. There is no corresponding virtual correction with a cancelling infrared divergence -the divergences are absorbed into the parton distribution functions (PDF) and in keeping with our treatment of the infrared singularities in the NLO corrections to the core process, they are handled using the dipole subtraction method [8, 9] . All of the results in this paper show the differential cross-section versus the invariant mass, m inv , of the jet + anti-lepton system evaluated over the range [0, 2m LQ ].
NWA Results
Looking first at the NWA results, figure 5 shows the LO contribution. As can be seen from the plot the NWA provides a symmetrical resonance with a peak near m LQ = 750 GeV with a height of 8.46 × 10 −3 pb/GeV. The total cross-section at LO is 0.74 pb Figure 5 : LO results for producing a scalar leptoquark -comparing the NWA to the full non-factorisable process (CTEQ6M). The dashed line includes the effect of the non-factorising graph at LO.
Referring to figure 6 the NLO QCD corrections to the core parton process,(2.1), make a significant contribution to the process. There is still a symmetric resonant peak, but now with a height of 1.31 × 10 −2 pb/GeV which gives an enhancement of 55% over the LO result. For the QCD corrections the total cross-section is 1.14 pb giving an increase of 54% over the LO result.
Finally the contributions from the additional partonic processes are shown in figure 7. These additional contributions also enhance the LO process. The height of the resonant peak is 9.79 × 10 −3 pb/GeV giving an enhancement of 16% over the LO result. The total cross-section is 0.86 pb which gives an increase over the LO result of 16%.
The combined results are shown in figure 8 and give the total NLO contributions to the leptoquark production process in the NWA. The total NLO contributions give a resonant peak height of 1.44 × 10 −2 pb/GeV adding a sizeable enhancement of 70% to the LO result. The total cross-section at NLO is 1.26 pb which gives a 70% increase over the LO result. Figure 5 shows the contribution of the LO non-factorizing graph of figure 1. In common with the NWA result the main feature in the distribution is the resonance with a peak near m LQ = 750 GeV. This has a peak height of 8.61 × 10 −3 pb/GeV which is very close to the NWA result. The key difference between the inclusion of the non-factorizing graph and the NWA result is that the distribution is no longer symmetric around the peak and we see that the non-factorisable contributions give an enhancement to the distribution for values of the invariant mass m inv < m LQ . The total cross-section at LO is 1.08 pb in comparison to the NWA the total cross-section is larger. This is due to the enhancement to the distribution away from the resonance.
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Non-Factorisable Results
The results for the QCD corrections to the core process, (2.1), are shown in figure 6 and give a similar distribution to the LO results, with an enhancement to the resonant peak. The peak height is increased by 51% to 1.30 × 10 −2 pb/GeV and comparing this with the NWA peak the peaks are again very close. For the QCD corrections the total cross-section is 1.56 pb which again is larger than the cross-section in the NWA and gives an enhancement over the LO cross-section of 44%.
The contributions at NLO from the additional partonic processes are shown in figure 7 . This also gives a similar distribution to the LO result, but in addition to an enhancement to the resonant peak there is also a further enhancement in the region m inv < m LQ . The resonant peak has a height of 1.04 × 10 −2 pb/GeV giving an enhancement over the LO result of 21%. Again comparing the peak height with the peak in the NWA the peak heights are close. The total cross-section with the additional NLO results is 1.75 pb and is considerably larger than the cross-section from NWA.
Combining the results gives the total NLO contribution to the leptoquark process and is shown in figure 8 . The height of the resonant peak is 1.48×10 −2 which gives an enhancement of 72% compared with the LO peak. There is also a further enhancement in the region m inv < m LQ which is primarily due to the contributions from additional partonic processes at NLO. The cross-section for the total NLO result is 2.23 pb which is an increase of 106% over the LO result, this is primarily due to the additional NLO contributions. A summary of these results is shown in tables 3 and 4. Figure 9 makes a comparison between the NWA and non-factorisable results for a scalar leptoquark by showing the difference between the two sets of results at both LO and NLO. For both the LO and NLO results there are small differences in the resonant region, but the biggest difference is seen in the region m inv < m LQ coming from the enhancement to the distribution due to the non-factorisable process. The NLO results show the biggest difference in this region which, as discussed, is primarily due to the additional NLO contributions. 
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Renormalization/Factorization Scale Dependence for Scalar Leptoquarks
Performing the calculations at NLO introduces renormalisation and factorisation scales -µ and µ F respectively. In principal the choice of the values of these scales is arbitrary, however due to the nature of perturbative calculations the NLO corrections will have some sensitivity to µ and µ F . To determine the sensitivity of the results three different scale values have been chosen:
where √ŝ is the center-of-mass energy entering the parton level collision. The results of the scale dependence for the NWA and full non-factorisable process are given in figures 10 and 11 respectively and show that, although there is some scale dependence, the NLO results are reasonably insensitive to a change in µ and µ F . 
Vector Leptoquarks
For the study of vector leptoquarks we will consider the U 1 type leptoquark described in [1] . The core process being studied is
and the Feynman diagrams for this process at LO and NLO have the same topologies as in the scalar case.
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As before the results are comprised of three main contributions. The LO contributions, the NLO virtual and real QCD corrections to the LO process and the additional NLO tree-level contributions. Again the initial state singularities are handled using the dipole subtraction method.
NWA Results
The NWA result for the vector leptoquark show the same features as were seen with the scalar leptoquark. The invariant mass distribution is symmetrical with a resonant peak at m LQ = 750 GeV. The LO result is given in figure 12 and shows a resonant peak height of 3.79×10 −2 pb/GeV and comparing this with the NLO result for the core process, (3.1), shown in figure 13 , the peak height has increased to 5.52 × 10 −2 pb/GeV giving an enhancement of 46% over the LO result. There is also an increase in the total cross-section from 3.30 pb to 4.73 pb giving an enhancement of 43%.
The contributions from the additional partonic processes are given in figure 14 and also show a large enhancement to the resonant peak. These corrections have a resonant peak height of 5.71 × 10 −2 pb/GeV giving an enhancement of 51% over the LO result. There is also a large enhancement to the cross-section which is increased by 53% to 5.04 pb.
Combining these corrections, the total NLO result is given in figure 15 and shows a peak height of 7.44 × 10 −2 pb/GeV giving a large enhancement of 96% over the LO result. The cross-section for the total NLO process is increased by 96% to 6.47 pb. These results are summarised in tables 5 and 6. 
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Non-Factorisable Results
For the non-factorisable results the LO contribution is given in figure 12 and shows the same resonant peak at m LQ = 750 GeV as in the NWA, but compared with the scalar leptoquark results there is now a noticeable difference between the peak heights for the NWA and full process. This is due to the fact that for a vector leptoquark there is inteference between amplitudes in which the intermediate leptoquark has different helicities. As in the scalar case the distribution for the full process is not a symmetric and there is an enhancement to the invariant anti-lepton jet invariant mass m inv for m inv < m LQ . There is also an increase in the total-cross section, at LO the cross-section for the full non-factorisable process is 5.57 pb. This increase is primarily due to the enhancement in the region m inv < m LQ .
The NLO QCD corrections to the core process, (3.1), are given in figure 13 and show a much bigger enhancement over the LO result than occurs in the NWA. For the full process the peak height is 6.85 × 10 −2 giving a large enhancement of 67% over the LO result. The total cross-section also has an increase of 59% to 8.85 pb.
The contributions for the additional partonic processes at NLO, shown in figure 14, also show a much bigger enhancement over the LO result than occurs in the NWA. For the full process the peak height is 6.93 × 10 −2 pb/GeV giving a large enhancement of 69% over the LO result. The total cross-section also has an enhancement of 115% to 11.96 pb.
Combining all of the contributions the total NLO results are shown in figure 15 and has a resonant peak with a height of 9.67 × 10 −2 pb/GeV giving an enhancement of 135% over the LO result. The cross-section for the total NLO contributions is increased by 173% to 15.23 pb. A summary of these results is given in tables 7 and 8.
As with the scalar leptoquarks a comparison between the NWA and non-factorisable results for the vector leptoquark can be made by looking at the differences between the two sets of results, see figure 16. In common with the scalar results there is a difference between the NWA and non-factorisable results in the region m inv < m LQ coming from the enhancement to the distribution due to the non-factorisable process. The NLO result again shows the biggest difference which is primarily due to the additional NLO contributions. Compared with the scalar results there are also differences between the vector NWA and non-factorisable results around the resonant peak and in the case of the NLO results this is particularly large. Figure 12 : LO results for producing a vector leptoquark -comparing the NWA to the full non-factorisable process (CTEQ6M).
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Renormalization/Factorization Scale Dependence for Vector Leptoquarks
Using the same choice of scale values as in section 2.3 the scale dependence for the vector leptoquarks is also checked. The results of the scale dependence for the NWA and full nonfactorisable process are shown in figures 17 and 18 respectively. As in the case with the scalar leptoquarks the NLO results for the vector leptoquarks are also reasonably insensitive to changes in µ and µ F .
Conclusions
Having calculated the results for the NWA and the full non-factorisable process for both a scalar (R 2 ) and vector (U 1 ) leptoquark we will conclude with a discussion and comparison of these results.
Scalar Leptoquarks
In general the NWA involving an intermediate scalar particle should give a good approximation to the full result close to the resonant region. The reason for this is there is no sum over helicities to consider and so the only approximation needed is that the decay-width is narrow and the intermediate propagator can be treated as a Dirac δ-function.
Comparing the scalar leptoquark results between the NWA and the full non-factorisable process (see tables 1 and 3) the effectiveness of the NWA approximating the full nonfactorisable process at NLO is confirmed. In particular, we see that both sets of results give good agreement between the heights of the resonant peaks -the dominant feature in both sets of distributions.
Away from the resonant peak there are differences in the invariant mass distributions between the NWA and full non-factorisable process. The NWA gives a symmetric distribution around the resonant peak whereas the non-factorisable process gives a non-symmetric distribution. In particular there is an enhancement to the distribution for values of the invariant mass m inv < m LQ coming from the non-factorisable contributions to the full process. The enhancement to the distribution away from the resonant peak does make a large contribution to the total cross-section (see tables 2 and 4) and we see a large difference between the cross-sections calculated in the NWA and full non-factorisable process. 
Vector Leptoquarks
Comparing the vector leptoquark results the NWA does not provide as good an approximation to the full non-factorisable process for vector leptoquarks as it does for scalars. The key reason for this is because in the NWA the interference between the different helicity states of the intermediate leptoquark are assumed to be negligible and are ignored. Looking at the difference between the resonant peak heights in tables 5 and 7 the agreement between the two sets of results is not as close as in the scalar case and suggests that the helicity interference terms do make a noticeable contribution.
The anti-lepton/jet invariant mass distribution also shows the same features as in the scalar leptoquark case. The NWA gives a symmetric distribution around the resonance, but the full non-factorisable process also shows an enhancement to the distribution for values of the invariant mass m inv < m LQ . This enhancement makes a sizeable difference to the total cross-section (see tables 6 and 8). The total cross-section for the non-factorisable process is significantly larger than in the NWA and this increase is primarily caused by the additional NLO corrections.
In general when looking at both the scalar and vector leptoquark results there are two important features they have in common: • The NLO corrections are large compared to the LO results, particularly with regards to the full non-factorisable process, but this is often the case when including QCD corrections.
• From the non-factorisable results there are substantial corrections below the resonance, particularly with regards to the vector leptoquarks, and its is possible these could be observed to give an indirect hint of the presence of leptoquarks. 
